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Program  Overview 

The  focus  of  this  program  was  to  probe  electro-(magneto-)caloric  materials  for  solid  state  cooling.  As  part 
of  our  work,  we  aimed  to  address  gaps  in  the  understanding  of  how  to  control  and  exploit  these  effects  for 
real  engineering  systems  by  developing  theoretical  and  experimental  approaches  to  study  thermodynamic 
properties  and  effects  in  thin  film  systems.  Despite  considerable  interest  in  these  topics,  a  number  of  factors 
have  limited  the  development  of  electrocaloric  materials  for  practical  applications  including  limited 
pathways  to  tune  properties  in  these  materials,  a  pressing  need  to  identify  new  ways  of  enhancing 
performance  (or  limiting  losses)  in  electrocaloric  materials,  imprecise  testing  methods  (which  have 
produced  fundamental  questions  over  the  validity  of  studies),  and  limits  to  the  magnitude  of  electric 
(magnetic)  fields  that  can  be  applied  to  bulk  samples.  The  Program  aims  to  overcome  these  challenges  by 
producing  a  comprehensive  approach  that  combines  design,  synthesis,  and  characterization  of  thin  film 
oxides  (something  called  for  by  researchers  in  the  field),  a  focus  on  assessing  (un)common  losses  and 
limiting  effects  in  these  materials,  and  the  exploration  of  new  materials  and  routes  to  enhance  field-induce 
entropic  effects.  As  part  of  this,  we  worked  to  develop  methodologies  to  directly  probe  and  distill  the 
fundamental  response  of  these  materials  in  operation.  In  essence  we  asked  the  question  of  how  does  one 
produce  large  field-driven  entropic  changes  in  materials.  All  told,  the  program  combined  phenomenological 
modeling,  advanced  materials  synthesis,  and  new  measurement  techniques  to  understand  the  fundamental 
materials  science  and  engineering  of  solid  state  cooling  materials.  The  program  has  run  from  June  1,  2011 
to  May  31,  2014  and  has  supported  2  graduate  student  researchers  (spread  across  the  three  Pis).  During  the 
duration  of  the  program,  we  have  had  three  Program  Managers.  The  program  was  started  under  Dr.  Kumar 
Jata  before  being  transferred  to  Dr.  Joan  Puller  who  administered  the  first  year  review.  Prom  there  the 
program  was  transferred  to  Dr.  Ali  Sayir  who  has  served  as  the  cognizant  Program  Manager  since  that  time. 

Program  Highlights 

The  major  discoveries  of  the  program  include: 

1)  The  discovery  and  validation  of  novel,  high-performance  cooling  materials  based  on  compositionally- 
graded  versions  of  materials  that  possess  figures  of  merit  of  solid  state  cooling  3-12-times  larger  than 
traditional  materials.  This  includes  the  development  of  phenomenological  models  to  support  this  work. 

2)  The  synthesis  and  study  of  other  candidate  high-performance  materials  possessing  strong  lattice- 
polarization  coupling  and  electric-field  response.  Pundamental  insights  into  how  strain  and  residual 
strain  in  materials  can  be  used  to  deterministically  tune  the  parameters  important  for  electrocaloric 
cooling  were  completed. 

3)  New  understanding  of  intrinsic  (arising  from  temperature -driven  changes  in  polarization),  extrinsic 
(arising  from  the  temperature-dependent  motion  of  domain  walls),  and  secondary  (arising  from  thermal 
expansion  mismatch  between  the  film  and  the  substrate)  contributions  to  thermal  response  in  realistic 
polydomain  films  was  obtained.  This  includes  the  development  of  the  first  phenomenological  models 
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to  include  all  three  effects,  measurements  aimed  a  separating  the  effects,  and  demonstration  of 
deterministic  control  of  these  effects  to  produce  high-performance  materials. 

4)  Identification  and  quantification  of  elastocaloric  effects  in  materials.  This  previously  underappreciated 
potential  loss  or  reduction  of  performance  in  these  materials  was  probed  by  directly  measuring  both  the 
polarization  change  with  temperature  (dP/dT)  and  the  entropy  change  with  temperature  {dS/dE).  It  is 
observed  that  both  the  total  pyroelectric  and  electrocaloric  coefficients  are  not  the  same  and  that  the 
difference  simplifies  to  a  product  of  the  piezoelectric  coefficient,  the  elastic  constant,  and  the  coefficient 
of  thermal  expansion.  We  propose  that  the  piezoelectric  effect  causes  a  lattice  expansion  which 
subsequently  lowers  the  frequencies  of  the  lattice  vibrations  and,  in  turn,  increase  the  vibrational 
entropy.  This  effect  is  called  the  elastocaloric  effect  and,  in  this  case,  opposes  the  electrocaloric  effect. 

5)  Development  novel,  microfabrication-based  platforms  to  characterize  the  electrocaloric  temperature 
change  in  nanometer- scale  thin  films.  These  microfabricated  platforms  provides  independent  control 
of  the  out-of-plane  electric  field  across  the  active  electrocaloric  film  while  simultaneously  allowing 
measurement  of  the  resulting  temperature  change  from  the  corresponding  resistance  change  of  the 
electrically  isolated  metal  strip  thermometer.  The  superimposition  of  the  periodic  electric  field  across 
the  film  thickness  and  sensing  voltage  along  the  thermometer  strip  at  different  frequencies  results  in  an 
electrocaloric  temperature  change  at  the  sum  and  difference  of  these  two  frequencies  which  is  measured 
using  a  lock-in  amplifier.  Based  on  our  measurements  on  multiple  films  with  varying  electrical 
resistivity  we  conclude  that  minimizing  the  resistive  heating  in  these  thin  films  is  critical  for 
electrocaloric  refrigeration  applications. 


Program  Discoveries  and  Details 

Overview.  The  work  of  the  team  can  be  broken  down  into  three  major  areas  over  the  previous  three  years: 
1)  design,  discovery,  and  validation  of  new  high-performance  materials,  2)  advances  in  new  understanding 
and  insight  as  to  the  fundamental  thermal  response  of  these  materials,  and  3)  development  of  novel 
measurement  techniques  and  devices  to  enable  testing  and  understanding  of  these  materials.  In  the 
following  we  will  highlight  aspects  of  each.  The  summary  ends  with  a  list  of  publications  and  presentations 
made  by  the  team  during  the  duration  of  the  project. 

New  high-performance  materials.  As  part  of  this  program  we  have  probed  a  new  class  of  materials  -  name 
compositionally-graded  thin  films  -  that  possess  a  unique  combination  of  physical  properties  that  drives 
the  figure-of-merit  for  electrocaloric  cooling  and  pyroelectric  energy  conversion  beyond  what  has  been 
observed  previously.  In  particular,  we  have  observed  dramatically  reduced  dielectric  and  robust 
ferroelectric  and  pyroelectric  properties  in  compositionally-graded  versions  of  PbZri-xTixOs.  The 
combination  of  properties  -  typically  unobtainable  in  materials  -  results  from  the  formation  of  a  built-in 
electric  fields  in  the  material  which  develops  due  to  the  strain  gradient  induced  by  the  compositional 
gradient  that  turns  on  a  so-called  flexoelectric  effect.  This  built  in  potential  gives  rise  to  ferroelectric 
hysteresis  loops  that  are  shifted  along  the  voltage  axis  (thus  possessing  two  different  zero-field  stable  states 
with  the  same  net  polarization)  and  also  quenches  the  extrinsic  permittivity  from  ferroelectric  domain  walls 
thereby  reducing  the  overall  permittivity.  Such  compositionally-graded  hetero structures  also  possess 
ferroelectric  domain  structures  that  are  largely  determined  by  the  structural  evolution  at  the  film-substrate 
interface  and  exotic  domain  structures  that  are  not  found  in  single  layer  versions  of  these  materials.  We 
have  also  developed  phenomenological  models  to  address  the  coupling  of  the  mechanics  of  the  strain- 
gradient  with  the  polarization  to  being  to  predict  the  evolution  of  properties  in  these  materials.  Furthermore, 
we  have  probed  the  potential  of  these  materials  for  a  range  of  thermal  applications  -  including  electrocaloric 
cooling,  pyroelectric  energy  conversion,  thermal  imaging,  and  more.  In  general,  the  figures  of  merit  for 
such  applications  are  proportional  to  the  pyroelectric  coefficient  (or  the  pyroelectric  coefficient  squared) 
and  inversely  proportional  to  the  dielectric  permittivity.  In  this  context,  the  observation  of  large  pyroelectric 
effects,  but  diminished  permittivity  means  that  the  compositionally-graded  films  have  dramatically 
enhanced  figures  of  merit  which  are  3-12  times  larger  than  the  currently  used,  standard  materials  LiNbOs 
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and  LiTaOs.  This  work  has  resulted  in  three  publications:  1)  R.  V.  K.  Mangalam,  et  al,  Adv.  Mater.  25, 
1761  (2013),  2)  J.  Karthik,  et  al,  Phys.  Rev.  B  87,  024111  (2013),  and  3)  R.  V.  K.  Mangalam,  et  al,  ACS 
Appl.  Mater.  Interfaces  5,  13235  (2013). 

Additionally,  we  have  also  probed  other  candidate  systems  which  potential  for  large  electrocaloric  response 
including  the  morphotropic  phase  boundary  composition  of  the  PbZri-xTixOs  system  {i.e.,  PbZro.52Tio.48O3) 
which  has  the  potential  to  possess  large  field-induced  entropic  effects  due  to  a  strong  polarization-lattice 
coupling.  In  this  regard,  we  have  produced  arguably  the  best  thin-film  samples  of  this  materials  ever 
produced.  Despite  extensive  work  on  this  material,  relative  few  studies  have  explored  the  effect  of  epitaxial 
strain  on  PbZro.52Tio.48O3.  We  explored  how  epitaxial  strain  impacts  the  structure  and  properties  of  films  of 
this  material.  Thin  films  were  found  to  possess  “relaxed”  or  nearly  “relaxed”  structures  despite  growth  on 
a  range  of  substrates.  Subsequent  studies  of  the  dielectric  and  ferroelectric  properties  reveal  films  with  low 
leakage  currents  facilitating  the  measurement  of  low-loss  hysteresis  loops  down  to  measurement 
frequencies  of  30  mHz  and  dielectric  response  at  background  dc  bias  fields  as  large  as  850  kV/cm.  Despite 
a  seeming  insensitivity  of  the  crystal  structure  to  the  epitaxial  strain,  the  polarization  and  switching 
characteristics  are  found  to  vary  with  substrate.  The  elastic  constraint  from  the  substrate  produces  residual 
strains  that  dramatically  alter  the  electric-field  response  including  quenching  domain  wall  contributions  to 
the  dielectric  permittivity  and  suppressing  field-induced  structural  reorientation.  These  results  demonstrate 
that  substrate  mediated  epitaxial  strain  of  PbZro.52Tio.48O3  is  more  complex  than  in  conventional 
ferroelectrics  with  discretely  defined  phases,  yet  can  have  a  marked  effect  on  the  material  and  its  responses. 
This  work  provided  an  ideal  system  for  further  study  of  electrocaloric  potential.  This  work  was  published 
in  J.  C.  Agar,  et  al.,Adv.  Mater.  Interfaces  (DOI:  10.1002/admi.201400098). 

New  understanding  of  thermal  responses.  As  part  of  this  program  we  have  also  developed  fundamental  new 
insights  as  to  the  thermal  response  of  materials.  For  instance,  using  the  tetragonal  ferroelectric 
PbZro.2Tio.8O3  as  a  model  system,  we  extensively  probed  the  role  of  domain  structures  in  controlling  the 
thermal  response  of  these  materials.  This  includes  the  development  of  the  first  phenomenological  models 
to  include  intrinsic  (arising  from  the  change  in  polarization  with  temperature  in  a  material),  extrinsic 
(arising  from  the  temperature-dependent  motion  of  domain  walls),  and  secondary  (arising  from  thermal 
expansion  mismatch  between  the  film  and  the  substrate)  contributions  to  thermal  response  in  realistic 
polydomain  films.  These  predictions  suggest  significant  extrinsic  contributions  and  potentially  large 
secondary  contributions  to  the  overall  response.  Subsequent  measurement  of  model  thin  films  controlled  to 
have  different  densities  of  domain  walls  revealed,  for  the  first  time,  a  dramatic  increase  in  the  thermal 
response  as  the  fraction  of  in-plane  oriented  domains  increased  and  how  thermal  expansion  mismatch  with 
the  substrate  can  change  the  response.  These  studies  beget  additional  laser-based  probes  of  these  effects 
aimed  at  understanding  the  relative  roles  of  primary  (intrinsic  -1-  extrinsic)  and  secondary  effects.  This  new 
method  (described  in  detail  below)  allows  for  the  separation  and  quantification  of  both  primary  and 
secondary  contributions  to  thermal  response  as  a  function  of  electric  field.  By  modulating  the  laser  as  the 
heat  source  in  the  frequency  range  1  Hz  to  10  MHz  we  probed  the  primary  and  secondary  response  of 
Bao.6Sro.4Ti03  and  PbZro.2Tio.8O3  as  a  function  of  applied  electric  field  for  films  grown  on  a  range  of 
substrates.  The  secondary  contribution  to  the  thermal  response,  again  caused  by  in-plane  thermal  expansion 
mismatch  and  the  piezoelectric  nature  of  the  materials,  can  be  quantified  by  studies  at  low-  and  high- 
frequencies.  The  secondary  pyroelectric  effect  has  the  same  dependence  on  applied  field  as  the  pyroelectric 
coefficient  and  is  approximately  15%  and  20%  of  the  total  response  for  PbZro.2Tio.8O3  and  Bao.6Sro.4Ti03, 
respectively.  This  work  has  been  published  in  J.  Karthik,  et  al.,  Phys.  Rev.  Lett.  109,  257602  (2012)  and  T. 
Trong,  et  al,  in  preparation  May  2014. 

Another  new  insight  made  possible  by  this  program  focuses  on  the  so-called  elastocaloric  effect  in  materials 
and  this  previously  underappreciated  potential  loss  or  reduction  of  performance  in  these  materials.  Again, 
probing  the  PbZro.2Tio.8O3  films  as  a  model  system,  our  laser-based  methods  have  enabled  us  to  probe  -  for 
the  first  time  -  both  the  polarization  change  with  temperature  {dP/dT)  and  the  entropy  change  with 
temperature  (dS/dE).  In  turn,  we  can  extra  both  the  total  pyroelectric  FI  and  electrocaloric  E  coefficients 
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with  high  frequency  thermal  and  electric  fields.  At  high  frequencies,  the  in-plane  strain  is  constant  and  we 
show  that  the  difference  fl-S  simplifies  to  a  product  of  the  piezoelectric  coefficient,  the  elastic  constant, 
and  the  coefficient  of  thermal  expansion.  We  propose  that  the  piezoelectric  effect  causes  a  lattice  expansion 
which  subsequently  lowers  the  frequencies  of  the  lattice  vibrations  and,  in  turn,  increase  the  vibrational 
entropy.  This  effect  is  called  the  elastocaloric  effect  and,  in  this  case,  opposes  the  electrocaloric  effect.  This 
work  highlights  a  new  contribution  that  must  be  accounted  for  and  provides  guidance  to  the  future  design 
of  new  materials.  This  work  is  summarized  in  the  publication  T.  Trong,  et  al,  under  review  Phys.  Rev.  Lett. 
May  2014. 

New  probes  and  devices  based  on  electrocalorics.  The  last  area  this  program  has  impacted  is  the 
development  of  novel  probes  of  thermal  response  in  ferroic  materials.  As  part  of  this  program  we  have 
developed  laser-based  direct  measurements  of  both  the  pyroelectric  and  electrocaloric  effects  as  a  function 
of  temperature,  electric  field  strength,  and  frequency.  Using  modem  ultrafast  pump-probe  geometries  we 
can  1)  excite  capacitor  structures  with  laser  energy  (heat)  and  probe  the  resulting  pyroelectric  current 
produced  or  2)  excite  capacitor  structures  with  an  applied  electric  field  and  probe  the  temperature  change 
in  the  capacitor  using  temperature-dependent  reflectance  measurements  of  the  top  metal.  By  changing  the 
laser  frequency  and  power  we  can  change  the  thermal  penetration  depth  and  temperature  change.  With  such 
techniques  we  can  separate  primary  (intrinsic  -i-  extrinsic)  pyroelectric  and  electrocaloric  responses  from 
secondary  contributions  (arising  from  changes  in  polarization  from  thermal  expansion  combined  with  the 
piezoelectric  effect)  and  can  unique  probe  dP/dT  and  dS/dE  in  a  direct  manner. 

At  the  same  time,  we  have  developed  novel,  microfabrication-based  platforms  to  characterize  the 
electrocaloric  temperature  change  in  nanometer- scale  thin  films.  The  devices  includes  high-quality  complex 
oxide  films  with  epitaxial  SrRuOs  electrodes  deposited  on  a  single  crystal  substrates.  This  microfabricated 
platform  provides  independent  control  of  the  out-of-plane  electric  field  across  the  active  electrocaloric  film 
while  simultaneously  allowing  measurement  of  the  resulting  temperature  change  from  the  corresponding 
resistance  change  of  the  electrically  isolated  metal  strip  thermometer.  The  superimposition  of  the  periodic 
electric  field  across  the  film  thickness  and  sensing  voltage  along  the  thermometer  strip  at  different 
frequencies  results  in  an  electrocaloric  temperature  change  at  the  sum  and  difference  of  these  two 
frequencies  which  is  measured  using  a  lock-in  amplifier.  The  measured  voltage  is  used  to  estimate  the 
temperature  change  by  characterizing  the  temperature  coefficient  of  resistance  (TCR)  of  the  metal 
temperature  sensor.  The  measured  temperature  change  is  a  function  of  the  applied  field  frequency.  Higher 
frequency  operation  confines  heat  spreading  and  results  in  higher  measured  temperature  changes.  The 
adiabatic  electrocaloric  temperature  change  can  be  estimated  by  extrapolating  to  high  frequencies  where 
practically  no  heat  spreading  takes  place.  In  addition  to  the  direct  temperature  change  measurement,  we 
also  developed  a  frequency-domain  analytical  model  that  allowed  us  to  investigate  the  electric  field  as  well 
as  frequency  dependence  of  the  measured  temperature  change.  This  model  included  the  contribution  from 
Joule  heating  of  the  thin  film  due  to  resistive  leakage  which  counteracts  the  electrocaloric  temperature 
change.  Based  on  our  measurements  on  multiple  films  with  varying  electrical  resistivity  we  conclude  that 
minimizing  the  resistive  heating  in  these  thin  films  is  critical  for  electrocaloric  refrigeration  applications. 
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2.  R.  Xu,  J.  Zhang,  Z.-H.  Chen,  J.  Karthik,  L.  W.  Martin,  Orientation  dependent  structural  phase  diagrams 
and  dielectric  properties  of  PbZri.xTix03  Part  I.  monodomain  thin  films,  under  review  at  Phys.  Rev.  B 
May  2014. 

3.  T.  Tong,  J.  Karthik,  R.  V.  K.  Mangalam,  L.  W.  Martin,  D.  G.  Cahill,  Reduction  of  the  electrocaloric 
entropy  change  of  ferroelectric  PbZri.xTix03  epitaxial  layers  due  to  an  elastocaloric  effect,  under  review 
at  Phys.  Rev.  Lett.  May  2014. 
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compositionally-graded  ferroelectric s:  flexoelectricity,  gradient,  and  depolarization  field  effects, 
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10.1002/admi.201400098). 
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13235  (2013). 
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1761  (2013). 
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flexoelectricity  in  compositionally  graded  ferroelectric  thin  films,  Phys.  Rev.  B  87,  024111  (2013). 
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7.  L.  W.  Martin,  Flexoelectric  Effects  in  Compositionally  Graded  Ferroelectric  Thin  Films  -  Towards 
Strain  2.0,  IEEE  International  Symposium  on  Applications  of  Ferroelectrics  Meeting  (July  2013, 
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8.  L.  W.  Martin,  Probing  and  Controlling  Thermal-Electrical  Responses  in  Exotic  Ferroelectric  Thin 
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9.  L.  W.  Martin,  Fundamentals  of  Complex  Oxide  Thin-Film  Growth  and  Characterization,  Invited 
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10.  L.  W.  Martin,  Domain  Structures  and  Switching  in  Ferroelectric  Thin  Films,  12th  International 
Workshop  on  Piezoresponse  Force  Microscopy  and  Nanoscale  Electromechanics:  Theory, 
Techniques,  and  Applications,  Oak  Ridge  National  Laboratory  (March  2013,  Oak  Ridge,  TN) 
[Invited] 

11.  L.  W.  Martin,  ‘'Mining’'  Existing  Materials  for  Useful  Functionalities  -  A  Material  Maker’s 
Perspective,  National  Science  Foundation,  Materials  By  Design  II  Workshop  (Feb.  2013, 
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of  Epitaxial  Eerroelectric  Thin  Eilms,  Fundamental  Physics  of  Ferroelectrics  and  Related  Materials 
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14.  B.  Bhatia,  J.  Karthik,  T.  Trong,  D.  G.  Cahill,  L.  W.  Martin,  W.  P.  King,  Pyroelectric  Measurements 
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18.  L.  W.  Martin,  Engineering  Thermal  Properties  and  Response  of  Epitaxial  Oxide  Thin  Eilms  for 
Advanced  Devices,  Workshop  on  Oxide  Electronics  (Sept.  2011,  Napa,  CA)  [Invited] 
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Program  Overview 


Program  overview  and  goals: 

•  Probe  electrocaloric  materials  for  solid  state  cooling 

•  Address  gaps  in  the  understanding  of  how  to  control  and  exploit  these  effects 
for  real  engineering  systems 

•  Develop  theoretical/experimental  approaches  to  study  thermodynamic 
properties  and  effects  in  thin  film  systems 

•  Design,  synthesize,  and  study  complex  oxide  materials  possessing  the 
capacity  for  enhanced  solid  state  cooling 

•  Probe  the  potential  for  new  modalities  of  cooling  ^  how  does  one  produce 
large  field-driven  entropic  changes? 

Program  approach: 

•  Combined  phenomenological  modeling,  advanced  materials  synthesis,  and 
new  measurement  techniques  to  understand  the  fundamental  materials 
science  and  engineering  of  solid  state  cooling  materials 


Program  history  and  details: 

•  Supported  2  graduate  student  researchers  (spread  across  the  three  Pis) 

•  Program  Managers:  Dr.  Kumar  data.  Dr.  Joan  Fuller,  and  Dr.  Ali  Sayir 

•  Funding  Period:  June  1 , 201 1  to  May  31 , 201 4 
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Crash  Course  on  Ferroelectrics  (1) 
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Electric-Field 
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Crash  Course  on  Ferroelectrics  (2) 


Domain  walls  in  ferroelectrics 
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Little  work  on  role  of  these 
effects  in  thermal  response 
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Electrocaloric  Effect 


•  Electrocaloric  effect  (ECE)  ->  adiabatic  change  of  temperature  that  results 
from  an  electric  field-driven  change  in  polarization  [AT  ~  dS/dE\ 

•  Physical  “reverse”  of  the  pyroelectric  effect  (tt)  ->  temperature  dependent 
change  in  polarization  (dP/dT) 


n  = 


Maxwell  relation 


•  Significant  ECE  requires... 

•  A  material  with  a  large  Pand  n  ->  ferroelectric  materials 

•  Large  entropy  change  associated  with  the  polarization  change  -> 
potentially  operate  ferroelectrics  near  or  above  Tq 

•  Other  sources  of  entropy  ->  example  from  magnetocalorics 


Large  MCE  in  Gd5Ge2Si2  ->  H-induced  structural 
change  (entropy  of  spins  and  lattice) 

Levin  etal.  Phys.  Rev.  6  62,  R14625  (2000);  Choe  etal.  Phys.  Rev.  Lett.  84,  4617  (2000); 
Morellon  etal.  Phys.  Rev.  6  58,  R14721  (1998);  Meyers  etal.  Phys.  Rev.  6  66,  012106  (2002) 
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Refrigeration  Cycles 


•  The  efficiency,  cooling  capacity  of  ECE  can  be  improved  using  refrigeration 
cycles  that  utilize  the  intrinsic  nature  of  the  ferroic-cooling  media 

•  Mimic  gas-phase  thermodynamic  cycles  such  as  Stirling  or  Ericsson  cycles 

•  Ideal  refrigeration  cycle  ->  Ericsson  cycle  consisting  of  two  isotherms  and 
two  constant  field  (either  electric  or  magnetic)  processes 


1)Tl,E„ 


Lower  E  field  / 
Isothermal  AS 


2)  Tl,  E, 


Absorb 


heati 


AT 


3)  Th,  El 


fialse  E  / 
Isothermal  AS 


4)  Th,  Eh 


Lang,  Ferroelectrics  ,  519  (1976);  Radebaugh  eta!.,  Cryogenics  19, 187  (1979);  Olsen 
etal.,  J.  Appl.  Phys.  58,  4709  (1985);  He  etal.,  Inter.  J.  Therm.  Sci.  42, 169  (2003). 
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Challenges  and  Opportunities 


Despite  considerable  interest,  a  number  of  factors  have  limited  the 
development  of  ECE  materials  for  practical  applications... 

•  Limited  pathways  to  tune  properties  in  these  materials  ->  need  to  identify  new 
ways  of  enhancing  performance  of  ECE  materials  (limiting  losses) 

•  Imprecise  testing  methods  ->  AS  and  AT  are  deduced  from  indirect 
measurements 

•  Fundamental  questions  over  the  validity  of  these  approaches 

•  Limits  to  the  magnitude  of  E  and  H  fields  that  can  be  applied  to  bulk  samples 


Our  work  aims  to  overcome  these  challenges... 

•  Comprehensive  approach  to  the  design,  synthesis,  and  characterization  of  thin 
film  oxides  (something  called  for  by  researchers  in  the  field) 

•  Assessing  (un)common  losses  and  limiting  effects  in  these  materials 

•  Explore  new  materials  and  routes  to  enhance  field-induce  entropic  effects 


Develop  methodologies  to  directly  probe  and  distill  the  fundamental  response  of 
these  materials  in  operation 
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Program  Highlights 
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d33  (pm/V) 


Domain  Contributions  to  Thermal  Response 


Use  our  control  of  materials  to  advance  our  understanding  of  thermal  response... 
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•  TT  is  Strongly  effected  by  extrinsic 
(domain  wall)  contribution 


Epitaxial  strain  ->  control  domain 
structures/densities 

Karthik,  etal.,  Phys.  Rev.  Lett.  108, 167601  (2012) 

Martin,  Cahill,  &  King 


•  Thermal  expansion  mismatch  (secondary 
effect)  between  film  and  substrate  ->  key 
to  understanding  performance 
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New  Probes  of  Thermal  Response  in  Films 


Wide-Frequency  Optical  Probes  of  Thermal  Response 


•  Laser-based  approaches  ->  distinguish  various 
contributions  to  response 

•  Leverage  the  high-quality  epitaxial  capacitors 

•  Measurements  of  the  thermai  properties  by  TDTR 

•  Muitiiayer  thermal  diffusion  modei,  cyiindricai 
coordinates 

•  Measure  current  from  1  Hz  to  10  MHz 


dP{f) 

dT 


dT(f,r,z) 

dt 


rdrdz 


•  Current  preamp  for  f  <  1  kHz 

•  50  ohm  load  and  voltage  preamp  for  f  >  1  kHz 

•  Programmable  low-pass  filter  for  f  >  1 00  kHz 
and  rf  lock-in 
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T.  Trong,  etal.,  in 
preparation  May  2014 
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Phase  (Degrees)  Pyroelectric  Current  (A) 


f -dependent  Probes  of  Thermal  Response 
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T.  Trong,  etal.,  in 
preparation  May  2014 
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Secondary  dP/dT  (iJ.C  m’^  K’^) 


Separating  Primary  and  Secondary  Effects 


This  method  enables  us  to  deterministically  separate  primary  and 
secondary  contributions  to  thermal  response  in  materials 

Identification  of  systems  where  secondary  effects  are  large 

Implications  for  performance  of  thin-film  devices  at  high  frequency 

T.  Trong,  etal.,  in 
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New  Materials  -  PbZr 
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J.  C.  Agar,  etal.,  accepted  Adv.  Mater.  Interfaces  (April  2014) 
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New  Materials  -  PbZro.52Tio.48O3 


Field  (kV/cm)  Temperature  (K) 


•  Initial  probes  of  thermal  response  underway 

•  Comparison  of  direct  and  indirect  measurements 

•  Indirect  ->  Probe  AP/AT  and  calculate  pyroelectric 
coefficient  (tt)  assuming  T-independent  over  given  AT 

•  Direct  ->  Probe  pyroelectric  current  (ip) 

T  =  T i)  7’o5i7i(cL)t) 
i  =  iQsin((jdt  +  4)) 


ip  sin(0) 
AT  qO) 


Time  (sec) 


Traditional  methods  have  their  limitations  ->  must  be  careful  to  probe 
the  real  effects... motivation  for  development  of  novel  methods 
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Phase  Shift  (4)  Current  (pA) 


New  Materials  -  Compositionally-Graded 


PfaZr^.^TixOa  Phase  Diagram 


zirconate 


%  Composition  titanate 

E.Cross,  Nature  432,  24  (2004) 


100  nm  thick  PbZrxTi^.xOg 
PbZro  8Tio.203  (a  =  4. 11 8  A  and  a  =  89.73-) 
PbZro  2Tio.803  (a  =  3.94  A  and  c  =  4.12  A) 
GdScOg  substrate  (a  =  3.97  A) 


Heterostructures 

PZT  80:20  PZT  20:80 


pbzro.8Tio.203 

■ 

PbZro.2Tio.8O3 

Substrate 

Substrate 

3.5%  compressive 

Down-Graded 


PbZro.2Tio.8O3 

PbZro.8Tio.2O3 

Substrate 


0.8%  tensile 

Up-Graded 


PbZro.8Tio.2O3 

PbZro.2Tio.8O3 

Substrate 
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Ferroelectric  &  Dielectric  Properties 


DOWn~G rddeCl  Mangalam,  et.al.,  Adv.  Mater.  25, 1 761  (201 3);  ACS  Appl.  Mater.  Interfaces 5, 1 3235  (2013). 

•  Reduced  polarization  ->  >1/2  of  the  film  possess  in-plane  oriented  domains 
which  cannot  be  swtiched 

•  High  dielectric  constant  large  extrinsic  contribution  from  domains 

Up-Graded 

•  Large  polarization,  shifted  loop  ->  fully  out-of-plane  oriented  domains,  large 
built-in  potential  (flexoeletric  effect) 

•  Low  dielectric  constant  built-in  field  skews  energy  landscape 
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Additional  theory 
development  underway 


Implications  for  Applications 


Figure  of  merit  for  thermal  applications  (/.e.,  energy  conversion,  solid 
state  cooling,  infrared  sensing,  and  electron  emission)  are  similar 


FoMimage  ~ 


n 


C p  Ey  Eq 


n^T 

FoMpcjcoQi  = 

C p  Ey  Eq 


Heterostructure 

n 

(^C/m2K) 

(100  kHz) 

Cp 

(J/cm^K) 

^®^lmage 

(x10-2,  m2/C) 

FoMec/CooI 
(x1 0-3,  300K) 

l^l^^*"o.2f  io.8^3 

-300  ±  7 

235 

4.81 

4.33 

I^I^^^O.sf ’0.203 

-229  ±  1 1 

453 

1.90 

1.31 

Up-Graded 

-  291  ±  4 

85 

12.9 

11.3 

Down-Graded 

-185  +  13 

409 

— 

1.70 

0.95 

LiNbOg 

-83 

31 

2.8 

10.8 

2.69 

LiTaOg 

-176 

54 

3.2 

11.6 

6.15 

Mangalam,  ef.a/., /Adv/. /Wafer.  25, 1761  (2013) 

Up-graded  heterostructures.  .  .  Mangalam,  etal.,ACSAppl.  Mater.  Inter.5, 13235(2013) 


*  Improved  FoMs  low  dielectric  permittivity 

large  pyroelectric  coefficient 

•  Built-in  electric  fields  diminishes  extrinsic  contribution 
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New  Effects:  dP/dT  vs.  dS/dE  in  Films 


First  Laser-based  Probes  of  dS/dE  in  Epitaxial  Layers 


•  Measure  c/P/c/V through  laser-driven  AT 
current  production 

•  Measure  dS/dE through  field-driven  AT 

•  AT  probed  by  thermoreflectance  (dP/dT)  of 
top  contact 

•  Optimal  frequency  ->  thermal  penetration 
depth  in  the  PZT  layer  is  on  the  order  of  the 
PZT  thickness 

•  At  high  frequencies,  1 D  model  of  the  thermal 
transport  is  sufficient 

•  Oscillating  heat  flux  generated  by  the  PZT 
layer  diffuses  in  both  directions 


Lock-in 

Amplifier 

Sinus 

Voh 

oidal 

:age 

T.  Trong,  etal.,  under  review  Phys.  Rev.  Lett.  May  2014 
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ATy  (mK)  Pyroelectric  Current  (A) 


Pyroelectric  and  Electrocaloric  Loops 


10 


10'  - 


10 


10 


Pyroelectric  (Tl) 


Vdc=0  V 
Vac  =  0V. 


lo"  10^  10^  10^ 


Frequency  (Hz) 


100- 


10- 


Electrocaloric  (I) 


ih  Vdc=1.4V 

Vac  =  1  V  (66.6  kV/cm) 


10  10  10  10 
Frequency  (Hz) 


Using  laser-based  approaches  we  can  measure  both 
pyroelectric  (laser-induced  current)  or  electrocaloric 
temperature  change  (field-induced  AT)  in  thin  films 

Direct  comparison  of  n  and  I  measurement  at  same  field 


Graded  PZT/GdScOg  PZTZOiSO/DyScOg  PZTZOiSO/GdScOg 


Voltage  (V)  Voltage  (V)  Voltage  (V) 


New  type  of  measurement  (AE  fixed,  vary  Vdc)  ^  better  picture  of 
how  adiabatic  temperature  change  varies  with  polarization  state 
77  and  I  are  not  equal  Maxwell  relation  fails...  T.  Trong,  etal.,  under  review 
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Limitations  of  Indirect  Measurements  of  AT 


u 


u 


lA 


•  Hypothesis:  piezoelectric  effect  causes  lattice  expansion,  lowers  the  frequencies  of 
the  lattice  vibrations,  increases  the  vibrational  entropy  Elastocaloric  effect 

•  The  elastocaloric  effect  opposes  the  electrocaloric  effect  (77  >  I) 

•  Assume  that  the  difference  between  the  measured  dS/dE  and  dP/dT  \s  the  change  in 
vibrational  entropy 

•  Solving  for  c/33  yields  physically  reasonable  values 


•  Indirect  measurements  of  AT wouid  miss  these  effects 
overestimate  eiectrocaioric  effects 

•  Controi  over  competing  eiectrocaioric/eiastocaioric  effects  needed 

T.  Trong,  etal.,  under  review  Phys.  Rev.  Lett.  May  2014 
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(A/iud)  ££p 


Electrocaloric  Devices/Measurements 


Realistic  device  structures  have  been 
probed 

Microfabricated  platform  allows 
independent  E  and  T sensing  Substrate 

An  out-of-plane  Eis  applied  to  the  thin  film 
at  4 

Sensing  current  at  4  along  the  gold  strip 
allows  electrocaloric  ^7 induced  electrical 
resistance  change  measurement 


SrRuO, 


Ba_Sr„TiO, 

0.4 


A  bridge  circuit  is  used  to  null  out  the  sensing 
signal 

The  electrocaloric  temperature  change  signal 
is  obtained  at  frequencies  4  ±  4  ^>^^1  can  be 
measured  using  a  lock-in  amplifier 
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Thermal  Modeling  of  Devices 


•  Induced  electrocaloric  ^7 is  a  function  of  the  E frequency 

•  Model  relates  the  applied  out-of-plane  Eand  thermometer  sensing  voltage 
with  the  output  V  measured  by  the  lock-in  amplifier  at  different  frequencies 

•  Model  includes  competing  contributions  from  electrocaloric  cooling  and 
Joule  heating  (which  can  be  significant  for  low  electrical  resistance  films) 

Input Film  out-of-plane  voltage:  Vg  =  -I- sin(ryg?) 


Sensing  voltage:  =  V^qs  sin((y/) 


Output  ^  , 


1  a  f  TpAco^Vg^  , 


- - 1 - -  - - 1 - - 

Electrocaloric  Joule  Heating 


where  (co^^  )  =  \nco^  + 


LHOS 


+  In  -  +  /  —  is  the  Thermal  Transfer  Function 
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Electrocaloric  Cooling  -  £  Dependence 


Measurement 


Model 


10 

. 

0.10 

No  Joule' Heating' 

4 

K  With  Joule  Heating  / 

8 

0.08 

3 

\  / 

2“  6 
E 

2“  0.06 
E 

:  \  A  /  : 

2 

S.2 

<  4 

<  0.04 

\  /  \  / 

'5 

2 

0.02 

-  \  \  ■ 

1 

\  / 

0 

. 

0.00 

. V.  .  .V . 

0 

_i _ 1 _ 1 _ ■ _ 1 _ ■  _ 1 _ 1 _ 1 _ 1 _ 1 _ i_ 

-300  -200  -100  0  100  200  300 

Electric  field  (kV/cm) 

180.  ,  , 


-300  -200  -100  0  100  200  300 

Electric  field  (kV/cm) 


-300  -200  -100  0  100  200  300 

Electric  field  (kV/cm) 


O) 

0) 

■D 


0) 

u 


£ 

It 


0) 

(A 

(0 


•180 


A  and  0  difference  of  the  T oscillation  measured  as 
a  function  of  £  ^  characteristic  hysteretic  behavior 
expected  from  electrocaloric  AT 


The  measured  AT  amplitude  ^  higher  than 
predicted  by  electrocaloric  AT  alone 


-300  -200  -100  0  100  200  300 

Electric  field  (kV/cm) 


Joule  heating  due  to  resistive  leakage  ->  explains 
the  high  amplitude  of  the  measured  AT 
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AT  (mK) 


Electrocaloric  Cooling  -  Freq.  Dependence 


Frequency  (kHz) 


Frequency-dependence  of  measured/modeled  ATfor  different  thin  film 
devices  with  varying  electrical  resistance. 

Match  between  the  frequency-dependence  of  the  measured/modeled 
AT  is  obtained  for  films  with  high  resistance  must  work  to  limit  losses 
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Summary  of  Results  and  Findings 


Quantification  of  intrinsic,  extrinsic, 
secondary,  and  eiastocaioric  effects  in 
pyroeiectrics/eiectrocaiorics 

Domains  walls, 
thermal  mismatch, 
coupling  between 
lattice  and 
polarization  are  key 


-400 


5  10  16  20  25  30  35 

%  a-domains 


Laser 

I 


Electro-Optic 

Sinusoidal 

Modulator 

Voltage 

New  measurements 
that  overcome 
chaiienges  in 
existing  methods 

Access  to  wide  f,  I, 
and  T  ranges  and 
routes  to  exclude 
spurious  effects 


Up-Graded  Deveiopment,  testing, 

and  demonstration  of 
new  high-performance 
materiais  for 
pyroeiectric/eiectro- 
caioric  appiications 


SrRuO. 


PbZfQ  3TiQ  2O3 


PbZro.2Tio.8O3 

Substrate 


Substrate 


Sr„Ji03 

Eiectric 

Field 

Enhanced  figures-of-merit  are  possible 


Demonstration 
devices  and 
reaiistic 
operation 
probed 

Identification  of  key 
losses  and  routes  to 
improve  performance 


Publications:  5  accepted,  3  under  review,  2  in  preparation 
Presentations:  14  invited,  6  contributed  student  (1  best  poster  award) 
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Program  Accomplishments:  Publications 


1.  T.  Tong,  J.  Karthik,  L.  W.  Martin,  D.  G.  Cahill,  Secondary  effects  in  wide  frequency  range  measurements  of 
the  pyroelectric  coefficient  of  Bao.6Sro.4Ti03  and  PbZro.2Tio.8O3  epitaxial  layers,  in  preparation  May  2014. 

2.  R.  Xu,  J.  Zhang,  Z.-H.  Chen,  J.  Karthik,  L.  W.  Martin,  Orientation  dependent  structural  phase  diagrams  and 
dielectric  properties  of  PbZr^.xTixOs  Part  I.  monodomain  thin  films,  under  review  at  Phys.  Rev.  B  May  2014. 

3.  J.  Z.  Zhang,  R.  Xu,  A.  R.  Damodaran,  Z.-H.  Chen,  L.  W.  Martin,  Understanding  order  in  compositionally- 
graded  ferroelectrics:  flexoelectricity,  gradient,  and  depolarization  field  effects,  accepted  Phys.  Rev.  B  May 
2014. 


4.  T.  Tong,  J.  Karthik,  R.  V.  K.  Mangalam,  L.  W.  Martin,  D.  G.  Cahill,  Reduction  of  the  electrocaloric  entropy 
change  of  ferroelectric  PbZr^.xTixOg  epitaxial  layers  due  to  an  elastocaloric  effect,  under  review  at  Phys.  Rev. 
Lett.  May  2014. 

5.  J.  C.  Agar,  R.  V.  K.  Mangalam,  A.  R.  Damodaran,  G.  Velarde,  J.  Karthik,  M.  B.  Okatan,  Z.  H.  Chen,  S.  Jesse, 
N.  Balke,  S.  V.  Kalinin,  L.  W.  Martin,  Tuning  susceptibility  via  misfit  strain  in  relaxed  morphotropic  phase 
boundary  PbZri.xTixOg  epitaxial  thin  films,  accepted  Adv.  Mater.  Interfaces  (2014).  (DOI: 
1 0.1 002/admi.201 400098) 

6.  R.  V.  K.  Mangalam,  J.  C.  Agar,  A.  R.  Damodaran,  J.  Karthik,  L.  W.  Martin,  Improved  pyroelectric  figures  of 
merit  in  compositionally  graded  PbZri.xTixOg  thin  films,  ACSAppl.  Mater.  Interfaces  5,  13235  (2013). 

7.  R.  V.  K.  Mangalam,  J.  Karthik,  A.  R.  Damodaran,  J.  C.  Agar,  L.  W.  Martin,  Unexpected  crystal  and  domain 
structure  and  properties  in  compositionally  graded  PbZr^.xTixOg  thin  films,  Adv.  Mater.  25,  1761  (2013). 

8.  J.  Karthik,  R.  V.  K.  Mangalam,  J.  C.  Agar,  L.  W.  Martin,  Large  built-in  electric  fields  due  to  flexoelectricity  in 
compositionally  graded  ferroelectric  thin  films,  Phys.  Rev.  B87,  024111  (2013). 


9. 


J.  Karthik,  J.  C.  Agar,  A.  R.  Damodaran,  L.  W.  Martin,  Effect  of  90°  domain  walls  and  thermal  expansion 
mismatch  on  the  pyroelectric  properties  of  epitaxial  PbZro2Tio803  thin  films,  Phys.  Rev.  Lett.  109,  257602 
(2012). 
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Program  Accomplishments:  Presentations 


1 .  J.  C.  Agar,  R.  V.  K.  Mangalam,  A.  R.  Damodaran,  G.  Velarde,  L.  W.  Martin,  Domain  Wall  and  Intrinsic  Contributions  to  Dielectric  Permittivity  in  Epitaxial  PbZr^.xTi^Os 
Thin  Films,  Materials  Research  Society  Spring  Meeting  (Apr.  2014,  San  Francisco,  CA). 

2.  L.  W.  Martin,  New  Modalities  for  and  Understanding  of  Strain  Control  of  Properties  in  Ferroelectric  Thin  Films,  Materials  Research  Society  Spring  Meeting  (Apr.  2014, 
San  Francisco,  CA).  [Invited] 

3.  L.  W.  Martin,  The  Science  and  Engineering  of  Functional  Complex  Oxide  Thin  Films,  Department  of  Physics  Colloquium,  Indiana  University  (Jan.  2014,  Bloomington, 
IN).  [Invited] 

4.  B.  Bhatia,  H.  Cho,  J.  Karthik,  J.  Choi,  D.G.  Cahill,  L.W.  Martin,  and  W.P.  King,  “High  Power  Density  Pyroelectric  Energy  Conversion  using  a  MEMS  Platform,”  MRS  Fall 
Meeting,  Boston,  MA,  2013. 

5.  L.  W.  Martin,  Strain  Version  2.0:  Pushing  the  Edge  of  Epitaxial  Strain  Through  Compositional  Gradients,  Materials  Research  Society  Fall  Meeting  (Dec.  2013,  Boston, 
MA)  [Invited] 

6.  B.  Bhatia,  H.  Cho,  J.  Karthik,  J.  Choi,  D.G.  Cahill,  L.W.  Martin,  and  W.P.  King,  “Energy  Conversion  from  BaTiOg  Thin  Films  using  the  Pyroelectric  Ericsson  Cycle,” 
ISHMT-ASME  Heat  and  Mass  Transfer  Conference,  NT  Kharagpur,  India,  2013.  (P  K  Sarma  Award  for  Best  Poster) 

7.  L.  W.  Martin,  Flexoelectric  Effects  in  Compositionally  Graded  Ferroelectric  Thin  Films  -  Towards  Strain  2.0,  IEEE  International  Symposium  on  Applications  of 
Ferroelectrics  Meeting  (July  2013,  Prague,  Czech  Republic)  [Invited] 

8.  L.  W.  Martin,  Probing  and  Controlling  Thermal-Electrical  Responses  in  Exotic  Ferroelectric  Thin  Films,  Department  of  Physics  Colloquium,  West  Virginia  University 
(April  2013,  Morgantown,  WV)  [Invited] 

9.  L.  W.  Martin,  Fundamentals  of  Complex  Oxide  Thin-Film  Growth  and  Characterization,  Invited  Tutorial,  American  Physical  Society  March  Meeting  2013  (March  2013, 
Baltimore,  MD)  [Invited] 

10.  L.  W.  Martin,  Domain  Structures  and  Switching  in  Ferroelectric  Thin  Films,  12th  International  Workshop  on  Piezoresponse  Force  Microscopy  and  Nanoscale 
Electromechanics:  Theory,  Techniques,  and  Applications,  Oak  Ridge  National  Laboratory  (March  2013,  Oak  Ridge,  TN)  [Invited] 

11.  L.  W.  Martin,  “Mining”  Existing  Materials  for  Useful  Functionalities  -  A  Material  Maker’s  Perspective,  National  Science  Foundation,  Materials  By  Design  II  Workshop 
(Feb.  2013,  Arlington,  VA)  [Invited] 

12.  L.  W.  Martin,  The  Science  and  Engineering  of  Thermal-Electrical  Responses  of  Materials,  Department  of  Materials  Science  and  Engineering  Colloquium,  University  of 
California,  Berkeley  (Feb.  2013,  Berkeley,  CA)  [Invited] 

13.  J.  Kardel,  Z.  Connell,  J.  Agar,  J.  Karthik,  A.  R.  Damodarn,  L.  W.  Martin,  Pyroelectric  Properties  of  Epitaxial  Ferroelectric  Thin  Films,  Fundamental  Physics  of 
Ferroelectrics  and  Related  Materials  2013  (Jan.  2013,  Ames,  lA) 

14.  B.  Bhatia,  J.  Karthik,  T.  Trong,  D.  G.  Cahill,  L.  W.  Martin,  W.  P.  King,  Pyroelectric  Measurements  on  PbZrg 2^0303  Epitaxial  Layers,  Materials  Research  Society,  Fall 
201 2  Meeting,  Symposium  AA:  Oxide  Nanoelectronics  and  Multifunctional  Dielectrics  (AA1 9.03)  (Nov.  201 2,  Boston,  MA) 

15.  J.  C.  Agar,  J.  Karthik,  A.  R.  Damodaran,  V.  Mangalam,  L.  W.  Martin,  Dielectric  and  Electrocaloric  Properties  of  PbZr^Ti^.^Os  Thin  Films  Near  the  Morphotrophic  Phase 
Boundary,  Materials  Research  Society,  Fall  2012  Meeting,  Symposium  AA:  Oxide  Nanoelectronics  and  Multifunctional  Dielectrics  (AA9.31)  (Nov.  2012,  Boston,  MA) 

16.  L.  W.  Martin,  Enhanced  Thermal-Electrical  Responses  in  Ferroelectric  Thin  Films,  Departement  de  Physique  de  la  Matiere  Condensee  Colloquium,  Universite  de 
Geneve  (March  2012,  Geneva,  Switzerland)  [Invited] 

17.  L.  W.  Martin,  Engineering  Thermal-Electrical  Responses  in  Complex  Oxides:  Enhanced  Dielectric  and  Pyroelectric  Response  in  Epitaxially  Strained  Ferroelectric  Thin 
Films,  Department  of  Materials  Science  and  Engineering  Colloquium,  University  of  Michigan  (Jan.  2012,  Ann  Arbor,  Ml)  [Invited] 

18.  L.  W.  Martin,  Engineering  Thermal  Properties  and  Response  of  Epitaxial  Oxide  Thin  Films  for  Advanced  Devices,  Workshop  on  Oxide  Electronics  (Sept.  2011,  Napa, 
CA)  [Invited] 

19.  L.  W.  Martin,  Understanding  and  Manipulating  Defects  in  Complex  Oxide  Materials  -  Implications  for  Properties  and  Devices,  HP  Labs  Colloquium  (Sept.  2011,  Palo 
Alto,  CA)  [Invited] 

20.  L.  W.  Martin,  Engineering  Thermal-Electrical  Responses  in  Complex  Oxides:  Enhanced  Dielectric  and  Pyroelectric  Response  in  Epitaxially  Strained  Ferroelectric  Thin 
Films,  Department  of  Materials  Science  and  Engineering  Colloquium,  University  of  California,  Berkeley  (Sept.  201 1 ,  Berkeley,  CA)  [Invited] 
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question  of  how  does  one  produce  large  field-driven  entropic  changes  in  materials.  All  told,  the  program  combined 
phenomenological  modeling,  advanced  materials  synthesis,  and  new  measurement  techniques  to  understand  the  fundamental 


materials  science  and  engineering  of  solid  state  cooling  materials.  The  major  discoveries  of  the  program  include: 

1)  The  discovery  and  validation  of  novel,  high-performance  cooling  materials  based  on  com  positionally-graded  versions  of 
materials  that  possess  figures  of  merit  of  solid  state  cooling  3- 12-times  larger  than  traditional  materials.  This  includes  the 
development  of  phenomenological  models  to  support  this  work. 

2)  The  synthesis  and  study  of  other  candidate  high-performance  materials  possessing  strong  lattice- polarization  coupling  and 
electric- field  response.  Fundamental  insights  into  how  strain  and  residual  strain  in  materials  can  be  used  to  deterministically  tune 
th e p ar am eters  i m p o rtan t f o r  el ectr o caloriccoolingwerecompi eted . 

3)  New  understanding  of  intrinsic  (arising  from  temperature- driven  changes  in  polarization),  extrinsic  (arising  from  the 
temperature-dependent  motion  of  domain  walls),  and  secondary  (arising  from  thermal  expansion  mismatch  between  the  film  and 
the  substrate)  contributions  to  thermal  response  in  realistic  polydomain  films  was  obtained.  This  includes  the  development  of  the 
first  phenomenological  models  to  include  all  three  effects,  measurements  aimed  a  separating  the  effects,  and  demonstration  of 
deterministic  control  of  these  effects  to  produce  high-performance  materials. 

4)  Identification  and  quantification  of  el astocalo he  effects  in  materials.  This  previously  underappreciated  potential  loss  or  reduction  of 
performance  in  these  materials  was  probed  by  directly  measuring  both  the  polarization  change  with  temperature  (dP/dT)  and  the 
entropy  change  with  temperature  (dS/dE).  It  is  observed  that  both  the  total  pyroelectric  and  electrocaloric  coefficients  are  not  the 
same  and  that  the  difference  sim  plifies  to  a  product  of  the  piezoelectric  coefficient,  the  elastic  constant,  and  the  coefficient  of  thermal 
expansion.  We  propose  that  the  piezoelectric  effect  causes  a  lattice  expansion  which  subsequently  lowers  the  frequencies  of  the 
lattice  vibrations  and,  in  turn,  increase  the  vibrational  entropy.  This  effect  is  called  the  elastocaloric  effect  and,  in  this  case,  opposes 
the  electrocaloric  effect. 

5)  Development  novel,  microfabrication- based  platforms  to  characterize  the  electrocalorictemperature  change  in  nano  meter- scale 
thin  films.  These  mi  crofab  heated  platforms  provides  independent  control  of  the  out-of- plane  electric  field  across  the  active 
electrocaloric  film  while  simultaneously  allowing  measurement  of  the  resulting  temperature  change  from  the  corresponding 
resistance  change  of  the  electrically  isolated  metal  strip  thermometer.  The  superimposition  of  the  periodic  electric  field  across  the 
film  thickness  and  sensing  voltage  along  the  thermometer  strip  at  different  frequencies  results  in  an  electrocalorictemperature 
change  at  the  sum  and  difference  of  these  two  frequencies  which  is  measured  using  a  lock-in  amplifier.  Based  on  our 
measurements  on  multiple  films  with  varying  electrical  resistivity  we  conclude  that  minimizing  the  resistive  heating  in  these  thin 
films  is  critical  for  electrocaloric  refrigeration  applications. 

The  program  has  run  from  June  1,  2011  to  May  31,  2014  and  has  supported  2  graduate  student  researchers  (spread  across  the 
three  Pis).  During  the  duration  of  the  program,  we  have  had  three  Program  Managers.  The  program  was  started  under  Dr.  Kumar 
Jata  before  being  transferred  to  Dr.  Joan  Fuller  who  adm  inistered  the  first  year  review.  From  there  the  program  was  transferred  to 
Dr.  AN  Sayirwho  has  served  as  the  cognizant  Program  Manager  since  that  time. 
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